Abstract-This paper presents the design and measurements of a wideband dual polarized leaky lens antenna suitable for tightly spaced focal plane arrays. The antenna is composed of two crossed leaky slots fed by two orthogonal microstrips to realize the dual-polarization operation. The crossed microstrips are fed differentially in order to couple the radiation into the slots. The slots are then coupled to a dielectric lens to achieve directive patterns suited for feeding large Focal distance to Diameter ratio reflectors. In this paper, the proposed leaky lens antenna is optimized to achieve high aperture efficiency with clean symmetric patterns in both polarizations exceeding an octave bandwidth. The concept is validated by the measurements of the primary fields inside the lens and with GRASP simulations of the focal plane array.
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I. INTRODUCTION
A PPLICATIONS in imaging, radio astronomy, and space science typically require antennas that are able to provide multibeam solutions with large operational bandwidths. Many of the instruments used for these kinds of applications are based on antenna arrays located on the focal plane of a large reflector. Future scientific instruments operating in the submillimeter band of the spectrum are envisioned to have large format focal plane arrays (FPA) that are based on a single beam per feed and tight sampling and are coupled to reflector systems with large Focal distance to Diameter ratio (F/D) ratios (>3) [1] , [2] .
For microwave frequencies, several wide bandwidth single reflector feeds such as ridged horn antennas [3] , Eleven antenna [4] , a coherently fed connected array of slots coupled to silicon lenses [5] , and studies with optimized lens profiles in [6] and [7] have been proposed with nearly stable frequency patterns coupled to small F/D ratios. Single feed solutions, however, are optimized for efficient reflector illumination over wide bandwidths. As a consequence, such feed solutions are typically characterized by a low taper efficiency of the reflector feed. Instead, for focal plane arrays, Vivaldi [8] , [9] , corrugated horn [11] - [16] or spline horn antennas [17] , [18] are the most widely used antennas at low frequencies. These later antennas can provide relatively low sidelobes and crosspolarization levels at a moderate bandwidth with higher taper efficiencies than the single feed systems. When the instruments require tightly spaced FPAs for full sampling of the focal field, the taper efficiency of the feed antennas becomes particularly critical for the overall system performance, as it affects the spillover from the reflector [19] . The aim of this work is to design a tightly sampled wideband dual-polarized FPA feed with high aperture efficiency that could be used at high frequencies where large F/D ratios are typically preferred. Lens antennas are widely used in the submillimeter band as they allow the integration of the antenna and detector on the same chip. Space instruments based on cryogenic power detectors often use focal plane arrays based on dielectric lenses. In [20] , an astronomical instrument based on about 25-k FPA elements based on kinetic inductance detector (KID) slot antennas coupled to silicon lenses has been developed. Achieving the mentioned number of array elements is a challenging target for any kind of horn antennas with the fabrication techniques available nowadays. In the literature, the most commonly used lens feed is a double slot antenna, which typically operates in a bandwidth much less than one octave and with single polarization [21] . Other slot-based lens feeds have been proposed to improve the impedance bandwidth [22] - [26] , typically at the cost of the quality of the patterns. Sinuous antennas and spiral have been also proposed [27] - [29] to provide wideband solutions. The main limitation of these antennas is the difficulty to integrate them with planar transmission lines [29] . A new lens feed concept was proposed in [30] , which is able to operate at multioctave bandwidths. This antenna consists of a leaky-wave slot kept at an electrically small distance from the dielectric lens in order to improve the lens illumination. Recently, the combination of this leaky lens antenna with KIDs has been proved to give a nearly independent frequency response from 350 GHz up to 1.2 THz [31] . However, such antenna had very low aperture efficiency, being suitable only for single feed systems.
In this paper, we present the optimization of a tightly spaced FPA based on such a concept, see Fig. 1 . Improving on the antenna concept presented in [30] , we propose a dual-polarized extension that is able to provide high feed aperture efficiency over an octave bandwidth. It consists of two orthogonal slots coupled to the two independent microstrips, which can be easily integrated to differential receivers or KIDs. To the best of our knowledge, the proposed leaky lens antenna is the only practical wideband dual-polarization solution that can be integrated to planar feeding lines on the same chip presently available at high frequencies. This paper is organized as follows. In Section II, we briefly mention the state-of-the-art solutions proposed for tightly spaced FPAs and compare their performances. In Section III, we introduce the antenna concept and explain the slot excitation mechanism. This section mainly focuses on a parametric study to optimize the antenna radiation in the presence of a semi-infinite silicon stratification to maximize the feed taper efficiency on the lens aperture. In Section IV, we show the experimental validation of the radiation patterns inside semiinfinite silicon. Section V focuses on FPA lens optimization, where we show the performance of a leaky lens antenna array together with the reflector illumination. Finally, the conclusions are given in Section VI.
II. STATE-OF-THE-ART IN TIGHTLY SPACED FPAs
In this section, we provide a detailed summary of the different antenna geometries that could be used in wideband and tightly spaced FPAs. Table I gives the summary of the operational bandwidth and aperture efficiency values, calculated as in (1), which can be obtained by the most widely used geometries in the literature. When some of these parameters were not explicitly given, we give our best knowledge estimation. The information on the type of antenna polarization and the possibility to integrate with planar feeding lines is also given.
Vivaldi antennas have been proposed for wideband imaging applications [8] , [9] as they are matched within a bandwidth of the order of several octaves and are able to provide stable beams over one octave [10] . Used in single feed per beam scenarios, Vivaldi antennas suffer from strong coupling [19] . Therefore, they are typically used as phased arrays for multiple feed per beam scenarios with F/D ratios typically less than 1 [8] , [9] .
Pyramidal and conical horns, common at high frequencies, are characterized by aperture efficiencies of about 50%-60% [32]- [35] and offer a bandwidth up to 1 : 1.5. In order to achieve high reflector illumination efficiency, corrugated horn antennas have been proposed in the literature [11] - [16] . These antennas typically present low side lobe and cross-polarization levels. The aperture efficiencies of corrugated horns presented in [11] and [12] are comparable to the conventional ones as they are optimized for 2λF/D feed spacing. The manufacturing difficulties are significant for corrugated horn-based FPAs at the millimeter and submillimeter frequencies. As an alternative solution, smooth-walled spline horn antennas have been proposed in [17] and [18] . Although such smooth-walled horns are typically characterized by slightly better aperture efficiencies compared with corrugated horns, they can only provide narrower operational bandwidth than corrugated ones due to their increased lengths.
Integrated lens antennas, on the other hand, can provide more practical solutions as they are easier to manufacture in tightly sampled FPAs [20] . A double slot antenna is the most widely used lens feed [21] . It provides an aperture efficiency of 75% at the center of the bandwidth. This is later limited to about 1 : 1.15 by the impedance matching. Similar designs have been investigated in [24] , [26] . Wideband lens feeds such as the X-slot [22] , [23] , a broadband slot feed so-called XETS antenna [25] , sinuous antenna [27] , [28] , and spiral antennas [29] have also been proposed in the literature. The X-slot antenna can operate over an octave bandwidth with aperture efficiency between 40% and 50% [23] . XETS antenna also provides an octave bandwidth with a linear polarization only [25] . A wideband and dual-polarized lens feed was proposed in [27] . The feed is based on a sinuous antenna with nearly frequency-independent patterns. Using the data provided in [27] , we calculated the taper efficiencies at 12 and 24 GHz, to be 69% and 66%, respectively. Including a matching layer, this sinuous antenna will have a peak of about 50% aperture efficiency. When it comes to the feeding mechanism, either integrated or differential feeds can be used with sinuous antennas [27] . However, the use of planar feeds disturbs their radiation characteristics significantly [29] , unless the width of the feeding lines is much smaller than the wavelength. A scaled version of the sinuous antenna presented in [28] was used to operate continuously within a frequency band starting from 60 up to 240 GHz. It is able to provide dual polarization with planar feeding lines. The width of the microstrip transmission lines used in [28] is about λ 0 /2000, where λ 0 is free-space wavelength at the highest frequency in the design. The requirement of extremely small feeding lines limits the use of these antennas at higher frequencies. Table I also includes the performance of our proposed design based on a leaky lens concept. The details of the antenna optimization are given in the following sections. The proposed dual-polarized leaky lens antenna provides a peak aperture efficiency of 70% and it is higher than 50% within a bandwidth of 1 : 5.25, while it exceeds 60% for a bandwidth of 1 : 2.5. Moreover, the proposed antenna does not suffer from significant coupling to the feeding lines affecting the radiation patterns as it has a much larger ground plane than the sinuous antenna. The microstrip width in the present design is about 1/86λ 0 at the highest frequency. The design can be extended to coplanar waveguide feeding lines with a dimension of 1/39λ 0 [37] . Based on these results, the proposed leaky antenna solution offers a viable path for tightly spaced and wideband integrated FPAs at high frequencies.
III. DUAL-POLARIZED LEAKY SLOT
The geometry of the proposed dual-polarized leaky slot antenna is sketched in Fig. 2 . It consists of a semi-infinite dielectric with a permittivity of diel r fed by the leaky slot that is etched on a ground plane located on top of a membrane. The membrane is placed at a certain electrically small distance h from the bottom part of the lens. It has a permittivity of memb r and a thickness of h m . On top of the membrane, two orthogonal long tapered slots are printed. The slots have a length of l s , an initial width of w 0 , and a final width of w s . The orthogonal slots are coupled, in turn, by two orthogonal microstrips, of width w m , printed on the other side of the membrane as shown in Fig. 2(c) .
As the two slots are fed symmetrically, the performance of the two polarizations is the same. In order to generate In the optimization process, we used a semi-infinite dielectric medium with a permittivity of diel r = 11.9. In order to optimize the radiation patterns from the dual-polarized leaky slot, a parametric study is performed for a bandwidth of 1 : 2.5, starting from 8 to 20 GHz. In order to maximize the lens antenna aperture efficiency, for each of the polarizations, the leaky-wave slot should ideally generate a top hat pattern, inside the dielectric, with low cross-polarization. The shape of the pattern is directly related to the leaky-wave propagation constant, β − j α [30] . Typically, the pattern generated in silicon by a long slot in the presence of an air cavity has two pronounced peaks at θ = ± sin −1 (β/k d ), where k d is the wavenumber in the silicon. Fig. 4 shows the radiated field inside the semi-infinite silicon dielectric medium simulated with CST MWS [38] at 15 GHz for various airgap and slot tapering angle values.
The leaky-wave propagation constant can be controlled by changing the height of the air cavity, h, and the width of the slot w s . Larger cavity heights lead to leaky waves with smaller attenuation constants α. Fig. 5(a) shows the difference between the maximum directivity of the antenna (D max ) and the directivity at broadside (D(0, 0) ) as a function of the cavity height. Therefore the gap should be small, typically limited by the fabrication constraints. The cross-polarization level is instead influence by two parameters: the cavity height and the slot tapering angle. Fig. 5(b) shows the difference between the maximum level of the co-(Co max ) and crosspolarization (Cross max ) components as a function of the cavity height, whereas Fig. 5(c) and (d) shows the impact of the slot tapering angle. The larger the tapering angle, the lower the cross-polarization level. The upper limit for the tapering angle is then given by a −10 dB beamwidth for proper lens illumination [21] and azimuthal symmetry of the radiated fields. The −10 dB beamwidth with respect to the broadside directivity, at various tapering angles, is highlighted in Fig. 5 (e) and (f) for the E and H -planes, respectively. As a result, the optimum performance has been obtained for h = 0.4 mm, w 0 = 0.24 mm, and w s = 23 mm, which corresponds to a slot tapering angle, γ , of about 15°. The radiated pattern for these conditions is also shown in Fig. 4 and is representative of both dual-and single-polarized antennas.
IV. EXPERIMENTAL VALIDATION: RADIATION
IN A SEMI-INFINITE DIELECTRIC The dual-polarized slot has been manufactured using the standard printed technology and is shown in Fig. 6 . The air cavity has been created using a grid structure of ceramic material of height h = 0.4 mm and permittivity of 3.55. Thanks to the gridded structure, the effective permittivity is close to The active reflection coefficient is measured and has good agreement with the CST simulations, as shown in Fig. 7 .
In order to measure the radiated fields inside the dielectric, a near-field broadband waveguide probe operating from 9 to 26 GHz is located on top of a half dielectric sphere with a radius of R = 95 mm. The dielectric sphere is made of ECCOSTOCK HIK 500F [40] , with a relative permittivity of 11.9. The antenna is fed by only one port at a time, while all the other ports are terminated with matched loads. The contributions from the other ports are taken into account by superposing the fields measured at each port. θ and φ-components of the field are measured by rotating the probe by 90°along its axis. The dielectric sphere is not covered by a matching layer and the inner reflections at the dielectric-air interface are time gated in postprocessing. During the measurement campaign, we found that the sphere material was not uniform and presents an anisotropic behavior. Therefore, the measurements were repeated thrice by rotating the dielectric sphere, only along ψ as shown in Fig. 6(d) .
The measured radiated fields inside the dielectric are compared with the simulated ones at three frequencies, 10, 15 and 20 GHz in Figs. 8 and 9 for the H and E-plane, respectively. Due to the anisotropy, Figs. 8 and 9 include the measured fields at three different ψ sphere rotations. As it can be seen from the results, there is a good agreement between the measurements and CST simulations for H -plane whereas the agreement becomes worse for the E-plane. For this field polarization, the measured results depend strongly on the dielectric sphere rotation.
V. THz FPA OPTIMIZATION
In this section, we present a practical implementation of a tightly packed FPA based on directive leaky lens feeds. The application of the proposed antenna is sub-mm astronomical observations with reflector systems of F/D > 3. For the lenses fed by directive feeds, the impact of the mutual coupling in the radiation pattern can be neglected. The lens antennas have been analyzed using a numerically efficient physical optics (PO) algorithm [39] . The schematic of the final lens geometry is shown in Fig. 1 . The lens material has the same permittivity as the semi-infinite dielectric medium used for the slot optimization ( lens r = diel r = 11.9) with having a radius of R, an aperture of D f , an extension length of L = 0.31R, and a lens truncation angle of θ lens (See Fig. 1 ). The lens is coated by a λ d /4 matching layer made of Parylene material ( ML r ≈ 2.62), where λ d is the wavelength at inside the dielectric at the center frequency, f 0 .
In Fig. 10 is shown the proposed leaky lens antenna aperture efficiency, η ap , as a function of frequency. The lens antenna has a maximum aperture efficiency of about 70%, while it is higher than 60% within a bandwidth of about 1 : 2.5. Moreover, it remains higher than 55% over the entire bandwidth (See Fig. 10) . Here, the aperture efficiency is evaluated as
where η feed and η tap refer to feed efficiency and lens taper efficiency, respectively. Taper efficiency is the ratio of the broadside directivity to the maximum directivity one can obtain using the same feed aperture size. Feed efficiency, on the other hand, is calculated as Here, η re f refers to reflection efficiency due to the dielectricair interface on the lens surface, η z refers to the efficiency due to antenna impedance matching, and η so refers to the spillover efficiency defined on the lens surface. The simulated aperture efficiencies obtained by full-wave CST simulations are also shown in Fig. 10 at six discrete frequency points (highlighted by black dots) obtaining good agreement between the PO and CST simulations. As a specific example, here, we consider a proposed submillimeter wave space astronomical instrument envisioned to operate over an octave bandwidth from 1.4 to 2. Fig. 1) , an extension length of L = 0.31R, and a lens truncation angle of θ lens = 46.3°.
The co-and cross-polar radiation patterns of the proposed lens antenna are shown in Fig. 11 for 0.66 f 0 , f 0 , and 1.33 f 0 , respectively. Fig. 11 shows that the beams after the lens are quite symmetric in the E-, H -, and D-planes. The lens antenna has a cross-polarization less than −12 dB within an octave bandwidth. Phase distribution of the reflector feed patterns is shown in Fig. 11(d) for the E-and H -planes, at the same frequency points.
A. Reflector Simulations
In Fig. 12 , we compare the reflector illumination efficiencies, simulated with GRASP, (η refl tap η refl so η feed ) obtained by the proposed design and a feed with a uniform aperture current distribution (η ap = 100%) for d = 0.5, 1, and 2λ 0 F/D feed spacings as a function of frequency. The ratio of the reflector efficiencies (η leaky /η uniform ) for feed samplings d ≤ λ 0 F/D is basically the feed aperture efficiency shown in Fig. 10 . This is because the reflector illumination efficiency is solely dominated by the reflector spillover efficiency for tightly spaced FPAs (d ≤ λ 0 F/D). Therefore, for such small feed samplings, one has to maximize the feed taper efficiency. Instead, for d = 2λ 0 F/D, the reflector efficiency is a tradeoff between spillover and taper efficiencies, and therefore the reflector feeds are typically optimized for high Gaussicity [21] .
The radiated patterns from the considered telescope are shown in Fig. 13 for d = 0.5λ 0 F/D and λ 0 F/D. The 2λ 0 F/D is also included in Fig. 13 for reference. It shows that tight samplings lead to lower cross-polarization levels in the telescope radiation patterns as the feed cross-polarized fields do not reach the telescope (i.e., smaller subtended angle, θ 0 , as shown in Fig. 11 ). Therefore, for tightly spaced FPAs, the achieved cross-polarization level in the proposed antenna system is less than −35 dB. 
VI. CONCLUSION
The dual-polarized leaky lens antenna presented in this paper is able to provide clean symmetric beams with high aperture efficiencies for a bandwidth of more than one octave. The proposed antenna provides a planar integrated solution that allows an easy and low-cost manufacturing process unlike the horn antenna solutions, as they suffer from these issues, especially for higher millimeter and submillimeter wavelengths. The design has a maximum lens aperture efficiency of 70%, while it operates within a bandwidth of over 1 : 5 with an aperture efficiency of more than 50% or 1 : 2.5, where the aperture efficiency is more than 60%. The entire antenna system has a very good cross-polarization performance. Namely, the maximum cross-polarization level is less than −35 dB for d = λ 0 F sampling, whereas it remains even lower, less than −49 dB, for d = 0.5λ 0 F. Based on the results highlighted in this paper, we believe that the proposed antenna design lends itself as an extremely useful alternative for next-generation submillimeter wave space astronomical instruments.
